Abstract. Focal depths from over 1000 earthquakes occuring between 1977 and 1983 in the Imperial Valleysouthern Peninsular Ranges are used to study relationships between the depth of seismicity, heat flow, and crustal structure. This study used relocated A and B quality events from the California Institute of Technology catalog that were carefully selected to insure focal depth precision of ±2 km. Regional variations in focal depth appear to be related to regional heat flow variation, whereas local variations in focal depth, especially in the central Imperial Valley, may be related to crustal structure. These variations are studied by rheologic modeling. A comparison of focal depths of earthquakes occur.ring before and after the October 15, 1979 (M=6:6), earthquake indicates that aftershocks during the first 2 months of the sequence were 2-3 km deeper than earthquakes occurring in other time periods. The deepest earthquakes in Imperial Valley are spatially associated with a subbasement dome near the northern end of the Imperial fault. This dome coincides with the region where the Imperial fault undergoes a transition from stick-slip behavior to aseismic fault creep. Models of slip during the l!J79 mainshock are also compared with premainshock and postmainshock seismicity. A relocation of the 1940 (M=7.1) mainshock suggests that this sequence began by rupturing the same portion of the fault that experienced maximum slip during the 1979 mainshock.
Introduction
The Imperial Valley is one of the most seismically active regions of southern California. In this region, plate motion is transferred northward from the transform faultspreading center system of the Gulf of California to the San Jacinto and San Andreas fault zones along the Imperial fault and Brawley seismic zone (Figure 1 ) [Johnson, 1979] .
A dense seismic network has been operating in the Imperial Valley-southern Peninsular Ranges since 1973 (Figure 2) , with the implementation of automated processing in 1977. Although several seismicity studies have been conducted in the region [i.e., Gilpin and Lee, 1978; Combs and Hadley, 1977; Johnson and Hadley, 1976; Fuis and Schnapp, 1977; Hill et al. , 1975a, b] , no previous study focused on the depth of seismicity across the entire area and related depth variation to crustal structure and heat flow. We relocated over 1500 earthquakes in the Imperial Valley-southern Peninsular Ranges occurring between 1977 and 1983. The final analysis compares focal depths to the crustal structure models of Fuis et al. [1982] and heat flow studies of Lachenbruch et al. [1985] , using only those earthCopyright 1986 by the American Geophysical Union.
Paper number 5B5602. 0148-0227 /86/005B-5602$05.00 quakes that meet rigid location criteria outlined in a following section. We have modeled the depth to the brittle/ductile transition zone with appropriate thermal and compositional constraints.
A major earthquake (ML =6.6) occurred along the Imperial fault on October 15, 1979 (Figure 2 ), enabling a study of the variations in seismicity before and after the mainshock.
We compared premainshock and postmainshock seismicity with dislocation models [Hartzell and Heaton, 1983; Archuleta, 1984] for the mainshock. We also relocated the 1940 earthquake sequence in an effort to determine what part of the Imperial fault ruptured during that earthquake and whether the rupture may have been controlled by any structures along the fault.
Recent Seismicity
The Imperial Valley-southern Peninsular Ranges study area ( Figure 1 ) includes a major portion of the Salton Trough, extending from the U.S.-Mexican border near El Centro northward to Indio, and the southern end of the Peninsular Ranges that are bounded by the San Jacinto and Elsinore fault systems. Dibblee [1954] or Sharp [1972 Sharp [ , 1982a give a summary of the geologic and tectonic setting of the region. Figure 2 shows seismicity in this region from the California Institute of Technology (Caltech) catalog for [1977] [1978] [1979] [1980] [1981] [1982] [1983] .
The most seismically active area in the region is the Brawley seismic zone [Johnson, 1979] (Figures 1 and 2) , where numerous swarms have occurred [Johnson and Hadley, 1976] . The Brawley seismic zone links the Imperial fault with the southern end of the San Andreas fault and possibly represents a spreading zone between these two strike-slip faults [Weaver and Hill, 1979] . Seismicity along the Superstition Hills and Superstition Mountain faults, which may be a southern extension of the San Jacinto fault system [Sharp, 1972] , is diffuse. Diffuse seismicity also characterizes the Elsinore fault system. The San Jacinto fault system has distinct areas of high seismicity with an intervening gap in seismicity termed the Anza seismic gap [Sanders and Kanamori, 1984] . The San Andreas fault shows a notable lack of seismicity north of the Brawley seismic zone, a likely nucleation point for a major earthquake along this segment of the fault [Johnson and Hutton, 1982] .
Few recent studies of seismicity in the Imperial Valleysouthern Peninsular Ranges have had adequate data to determine accurately the focal depths. Gilpin and Lee [1978] and Combs and Hadley [1977] conducted microearthquake surveys with portable seismometers in geothermal areas in the Imperial Valley. Johnson and Hadley [1976] determined focal depths for several swarm sequences in the Brawley seismic zone, and Pechmann and Kanamori [1982] relocated selected aftershocks of the 1979 mainshock. Although these studies are not sufficient to determine regional or long-term temporal variations in focal depth, the depths can be used as a check on the depths obtained from our relocation process. Relocation Procedure A three-step process was used to relocate all earthquakes of A and B quality occurring between 1977 and 1983 in the study area. Earthquakes were relocated using a modified version of HYP071 [Lee and Lahr, 1975] and the velocity models listed in Table 1 . Figure 2 shows the areas where each velocity model was used. The northern Imperial Valley, southern Imperial Valley, and lower Borrego Valley models are smoothed models obtained from the crustal models of Fuis et al. [1982] . The Borrego Valley model is from Hamilton [1970] . The locations used P wave arrivals from stations at epicentral distances less than 75 km. A weight of one was used for stations at epicentral distances less than 50 km, and the weights decreased linearly between 50 and 75 km to a weight of 0 at 75 km.
First, the study area was divided into 35 subregions where each subregion contained a small group of earthquakes occurring in an area less than 20 x 20 km in dimension. The earthquakes in the subregion were then relocated using the appropriate regional velocity model and no station delays. Next, median station delays and a median starting depth were obtained from the station residuals of the best relocations (A quality). These values were then used to relocate the events a second time. Finally, a master event was chosen from these relocated earthquakes, and a third relocation was made using the master event delays. All final relocations were started at the master event hypocenter location. The intermediate step in this procedure made the final relocations less sensitive to the choice of the master event. The final analysis used only those relocations that had rms S 0.15 s, erh and erz S 1.0 km, distance to nearest station ::=; 1.5 x focal depth, azimuthal gap S 135' , and number of stations > 6. Although 1513 earthquakes were initially relocated, o~ly 1076 (71 %) of the relocations met the above location criteria. Comparisons of frequency-depth distribution curves for all relocated earthquakes with curves for the high-quality relocations (in the entire regioP-and in subregions) show no significant variations between curves. This indicates that bias is not being introduced into the analysis of focal depth variations by using only the high-quality relocations.
Several tests of location quality were performed. Internal tests included varying the number of earthquakes used to calculate median delays and choosing different master events for the final relocation. These variations changed focal depths by 1-2 km. Earthquakes occurring between 1977 and 1983, in the subregion that encompassed the 1975 Brawley swarm sequence studied by Johnson and Hadley [1976] , were relocated using their velocity model, station delays, and master events. The resulting focal depths were 2-3 km shallower than those obtained from our initial relocations, with maximum depths of 11-11.6 km. Johnson and Hadley [1976] used a priori station delays in an effort to prevent the stations at the edge of the valley from biasing the focal depths of earthquakes within the valley. To determine whether or not these stations outside the valley were biasing our focal depths, we relocated the earthquakes in this subregion using only seismograph stations located in the portion of the Imperial Valley where there was no underlying crystalline basement [Fuis et al., 1982] . We did not add station delays because we felt that these stations were located above structure that was accurately modeled by the southern Imperial Valley velocity model. These focal depths were on the average 1 km shallower than the depths from our three-step relocation technique, regardless of the quality of the hypocenter, suggesting that the use of stations outside the valley to determine median delays did not bias the focal depths in this study more than the choice of the master event or stations used in the median delay calculations. Focal depths determined using Johnson and Hadley's model averaged 1.3 km shallower than the focal depths obtained using no delays and stations in the valley. Further testing suggested that Johnson and Hadley's station delays contributed the most to the focal depth difference. The focal depths of aftershocks of the 1979 earthquake relocated by Pechmann and Kanamori [1982] are within ±2 km of the focal depths obtained in .. ·· this study. The above tests suggest that the focal depths of these selected relocated events have a precision of ±2 km. A major difference exists between depths of these relocated earthquakes and depths from the Caltech catalog. Focal depths are comparable (within 1-2 km) along the margins of the Imperial Valley and in the southern Peninsular Ranges; however, there are notable differences in focal depths in the Imperial Valley. The frequency-depth distribution curves for A and B quality catalog events in the Imperial Valley shows a maximum peak in frequency at 5 km with a secondary peak at 15 km. The maximum depth of catalog events was 22.3 km. The strong peak at 5 km appears to be related to the velocity model and technique used to locate catalog events. Locations are started at a depth of 5 km, and there is a boundary in the velocity model at 5.5 km. This causes events to artificially concentrate at 5 km in depth [Corbett, 1984] . The peak at 15 km may be related to a velocity model boundary at 16 km or the fact that the velocity model does not include the 3-to 4-km-thick zone of low-velocity sedimentary fill that better models Imperial Valley structure.
In contrast, the maximum depth of relocated earthquakes in the Imperial Valley was 13.2 km, and the peak in the frequency-depth distribution curve was at 8 km. Since the starting depth and velocity model varies in the subregions comprising the Imperial Valley, the observed _regional peak should not be strongly related to these parameters. Figure 3 shows all relocated, high-quality earthquakes. The size of the symbols in this and following figures reflects distance from the earthquakes to the nearest station. Comparison with the Caltech catalog earthquakes ( Figure  2 ) shows several notable differences in distribution. About 500 earthquakes listed in the Caltech catalog could not be relocated because phase data recorded from May 1980 to early 1981 have not been entirely processed [Green, 1983) . In areas with poor station coverage such as parts of the Elsinore fault zone and the region northeast of the Salton Sea, earthquakes did not occur close enough to a station or have azimuthal coverage of 135' or more to enable a precise focal depth determination. Some of the shallow seismicity associated with swarm sequences also was not close enough to a station to determine focal depths or had very high residuals. Overall, however, the general distribution of seismicity in the poorer-quality catalog data (Figure 2 ) is reflected in the higher-quality data of Figure 3 . It appears that the use of the sorted relocated data is not introducing significant spatial bias in the data set. Figure 3 shows all relocated earthquakes and reflects the shallow seismicity of the region. As in Figure 2 , the majority of seismicity lies in the Brawley seismic zone. Seismicity in the Imperial Valley outside this zone is diffuse and does not appear to concentrate along mapped surface faults. Seismicity is concentrated along distinct segments of the San Jacinto fault, and the Anza seismic gap is also visible.
A plot of earthquakes deeper than 10 km (Figure 4 ) shows that the deeper events in the Imperial Valley occur at the nothern end of the Imperial fault. Little seismicity occurs at depths greater than 10 km along the Coyote Creek-San Jacinto fault system or the northern end of the Brawley seismic zone. Most of the deeper seismicity concentrates along the San Jacinto-Buck Ridge and San Jacinto-Hot Springs fault systems northwest of the Imperial Valley. Figure 5 shows earthquakes deeper than 12.5 km. Only five earthquakes in the Imperial Valley region occur at this depth, and all are located at the northern end of the Imperial fault. The deepest earthquakes in this group occurred at a depth of 13.2 km. A cluster of activity occurs along the San Jacinto-Hot Springs fault system as well as diffuse seismicity along the Elsinore fault. The deepest earthquakes in the Peninsular Ranges occurred at a depth of 16.7 km along the San Jacinto fault northwest of the Anza gap.
A cross section taken along the strike of the San Jacinto fault ( Figure 6 ) shows variations in focal depth across the study area. Earthquakes located up to 10 km from the ·cross section line have been plotted. The deepest earthquakes in the section occur along the northwest end of the cross section with an average depth of 13 km. There is a marked shallowing of seismicity south of the northwest end of the Anza gap to an average depth of 10 km. (Earthquakes shown in the Anza gap in Figure 6 do not occur along the San Jacinto fault but are located 2-5 km southeast of the surface trace of the fault.) Approaching the Imperial Valley, the seismicity shallows to a maximum depth of 10 km. An abrupt increase in depth occurs 10 km northwest of the Brawley fault in an 8-to 10-km-wide zone aJ the northern end of the Imperial fault. This suggests that slip at depth in the Imperial Valley is confined to this narrow band along the Imperial and Brawley faults. The apparent vertical trends of seismicity shown in Figure 6 are an artifact of the vertical exaggeration used in the cross section. Cross sections drawn without vertical exaggeration do not exhibit the lineations. [Gilpin and Lee, 1978] , the largest and hottest geothermal area in the Imperial Valley [Renner et al. 1975 ]. This suggests that deeper earthquakes occurring near the edges of a geothermal area may not be unusual. The deepest seismicity in the Imperial Valley correlates with a heat flow low to the south of the Brawley geothermal area. Sass et al.[1984] believe that convective systems in the valley extend to depths of at least 2 km; however, it is difficult to determine whether the correlation between the heat flow low and the deep seismicity is coincidental or signifies a deep convective system. The deepest seismicity occurs within the region where Fuis et al. [1982] have evidence for a dome on the subbasement ( Figure 5) . Fuis et al. [1982] interpreted the crust of the Imperial Valley as being composed of an upper layer of sediments and sedimentary rocks with P wave velocities of 1.8-5.0 km/s, a transition zone into a section of basement composed of metasedimentary rocks (5.6-6.6 km/s), and a final transition into a subbasement of gabbro or diabase with P wave velocities of 7 .2 km/s. The depth to the transition between sedimentary and metasedimentary rocks is about 4 km in the portion of the valley where the deep seismicity is located. The depth to the transition between the metasedimentary rocks and the subbasement in this location is less certain. Fuis et al. [1982) find some evidence for a dome on the subbasement at a depth of 11 km between Brawley and El Centro. The relief at the northern end of the dome is 5 km and at its southern end is about 1 km. The uncertainty in resolving the depth to the subbasement is about 1 km, and hence the southern edge of the dome is barely resolvable. If the dome does not exist, then the average depth to the subbasement would be about 13 km. Figure 8 shows a comparison of the .crustal structure interpretations of Fuis et al. [1982] and relocated hypocenters along two refraction lines. Figure 5 shows the location of the refraction profiles. Line 6NNW-13SSE is a reversed profile that parallels the axis of the Salton Trough. Line IESE is an unreversed profile that cuts across the trough and the northern end of the Imperial fault. The approximate location of the postulated subbasement dome is also shown in Figure 8 . Note that earthquakes outside the domal area (cross section B-B') reach a maximum depth of 11 km, while a large number of earthquakes within the domal area occur at depths of 11-13 km. There is a marked shallowing of earthquakes to the northwest in profile B-B' near the Salton Sea geothermal area. Earthquakes also shallow to the southeast, suggesting that the dome may be related to the observed deeper earthquakes. All earthquakes in both profiles lie below the upper layer of sediments and sedimentary rocks. It is possible that some of the poorer-quality relocations not shown in these cross sections may have occurred at depths shallower than the sediments-metasediment boundary and were mislocated to deeper depths by HYP071, which used a regression process that will drop the depth parameter first when attempting to iterate on a poor location. Other earthquake studies in the region, however, also found few earthquakes above this transition between sediments and metasediments. Johnson and Hadley [1976] found few earthquakes with depths above 4-5 km. Gilpin and Lee [1978] found focal depths of 0.5-3.5 km within the Salton Sea geothermal area, but the few earthquakes located outside the geothermal area were deeper than 4 km. Combs and Hadley's [1977] study of the Mesa geothermal area gives a similar depth distribution. These observations suggest that the minimum depth of seismicity in the Imperial Valley may be controlled by the depth to the transition zone between the sedimentary and metasedimentary layers. In areas of high heat flow ( >200 mW /m 2 ) this transition zone may locally occur at depths shallower than 4 km.
We have used several rheologic models to determine depth to the brittle/ductile transition zone in an effort to explain what possible temperature or structural effects may lead to the occurence of deeper earthquakes in the region immediately north of the end of the Imperial fault. Meissner and Strehlau [1982] have noted that about 80% of earthquakes in any given tectonic regime occur above this transition depth. This would suggest that the depth to the brittle/ductile transition in this small region of the Imperial Valley occurs at a depth of 11-12 km (Figure 9d ) as obtained from frequency-depth distribution curves. Therefore we will be searching for the rheologic model that predicts a transition zone at this depth.
Shear resistance is calculated as a function of depth for strike-slip faulting (the predominate mode of faulting in this part of the Imperial Valley) in a two-level model using the method of Sibson [1982] . In the upper level of the model, frictional faulting dominates, and in the lower level, quasi-plastic deformation dominates. Temperature is the dominant parameter controlling the transition between these zones. The maximum shear resistance r required to initiate frictional sliding on favorably oriented strike-slip faults in the upper level of the model is calculated from Sibson [1974] :
(1) [Sibson, 1974] (o-1 -o-3 ) ~ 6/5 pgz (1->-) (2) where p is the crustal density, g is the acceleration of gravity, z is the depth, and A is the pore fluid factor. Under hydrostatic pressures, A is the ratio of the density of water to the average density of crustal rocks (= 0.36). Equation (2) assumes that 20-2=0-1 +0-3 for strike-slip faults, where o-2 is the intermediate principal compressive stress.
In the lower level where quasi-plastic deformation dominates, r, the maximum shear resistance, is 1/2 (o-ro-3 ) [Sibson, 1982] , where (o-ro-3 ) is calculated from [ Turcotte and
.r: 10 a... Cross section along !ESE, km The location of the subbasement dome described by Fuis et al. [1982] is also shown. Arrows show the point of intersection between the cross sections. Schubert, 1982, p. 327] (o-1 -o-3
where f_ is the strain rate, R is the universal gas constant, Q is the activation energy, A' is a material constant, and T is the absolute temperature. To calculate temperature (Figures 9a-9d) , where S is the sediment layer, M is metasediments (basement), and D is diabase (subbasement). Temperature is plotted versus depth for these models in Figures 9c and 9g . The profile in Figure 9d shows the earthquake frequency-depth distribution for the region encompassed by the subbasement dome ( Figure 5 ). Eighty percent of the earthquakes in the region occur above the depth of 11 km shown by the arrow. Granite as a function of surface heat flow and depth, we use
where T 0 is the average surface 'temperature, q 0 the surface heat flow, k the thermal i;onductivity, and A the radioactive heat production. In the Imperial Valley, T 0 = 25 ° C [Lachenbruch et al., 1985] . Temperature profiles are computed for two different crustal models (a model with and without a subbasement dome) and two different surface heat flow values (average Imperial Valley heat flow of 140 mW/m 2 and a heat flow low of 100 mW/m 2 ). Table 2 lists the parameters used in the modeling process.
In the rheologic modeling we have assumed that the upper layer is alluvium with thermal properties measured by Sass et al. [1984] ( Table 2 ). The metasedimentary rocks are interpreted as consisting of a sandstone in a low grade of metamorphism, and the subbasement is assumed to be a diabase. Thermal properties for the diabase and sandstone are from and (Table 2) . Material properties for quasi-plastic flow models have not been measured for many materials. Parameters for a quartz [Brace and Kohlstedt, 1980] were used for the sedimentary and metasedimentary rocks, and parameters for a Maryland diabase (Caristan, 1982] are used for the subbasement (Table 2 ). Since we are studying earthquake depth variations along the southern San Andreas and Imperial Valley faults, the strain rate was estimated to be 10-12 s-1 , a value similar to that used by Sibson [1982] for the central San Andreas fault. This corresponds to a slip rate of about 1 cm/yr across a shear zone 300 m wide. Rheologic models are calculated using an average Imperial Valley heat flow of 140 mW/m 2 [Lachenbruch et al., 1985 ] and a heat flow of 100 mW /m 2 , as observed at the surface of the region of deeper seismicity. The higher heat flow model thus assumes that the low observed surface heat flow is a shallow effect of groundwater circulation, and that below this circulation zone, heat flow is comparable to other parts of the valley.
Thermal and compositional parameters are well constrained in the Imperial Valley; therefore the most significant source of error in the modeling process is the estimation of power law creep parameters. Smith and Bruhn [1984] have reviewed the resolution and uncertainty of rheological models and suggest that uncertainties in power law creep parameters may produce errors of tens of percent. A conservative estimate of error in the depth to the brittle/ductile transition zone would be about 2-3 km. Figure 9 shows the results of the rheologic modeling. For a heat flow of 140 mW /m 2 and a 13-km depth to the subbasement (Figure 9a ) the brittle/ductile transition zone is at IO km. For a heat flow of 140 mW/m 2 and a sub- It is important to emphasize that uncertainties in the model parameters may change the transition zone depths by several kilometers. If the metasedimentary rocks have rheological properties similar to quartzites, then the depth to the brittle/ductile transition may increase by 1 or 2 km [Smith and Bruhn, 1984] . High fluid pressures may also be present in certain areas of the Imperial Valley and could contribute to the deepening of the transition zone by several kilometers [Sibson, 1982] . However, the modeling does suggest that the subbasement high alone could depress the depth to the brittle/ductile transition in this region and that the heat flow low model need not be invoked to explain the deeper seismicity. It is possible that a combination of effects may lead to the deeper seismicity. Further studies of local crustal structure would help to determine the extent of the dome and its relationship to the deep seismicity. Measurements of fluid pressures would provide needed data to evaluate the role that pore pressure plays in deepening the seismogenic zone. Additional heat flow measurements near the dome would also help to resolve the extent and the depth of the heat flow low and its contribution to deepening the brittle/ductile transition zone.
Deep seismicity in the Peninsular Ranges (Figure 4 The focal depth of this earthquake was 8 km [Ebel and Helmberger, 1982] . Most aftershocks of this earthquake occurred at depths less than 8 km, although a few aftershocks did occur to depths of up to 13 km [Hamilton, 1972] . This is in contrast to the 1969 (ML=5.8) Coyote Mountain earthquake that occurred northwest of the Borrego Mountain earthquake on the Coyote Creek fault in an area with heat flow = 80 mW /m 2 . The focal depth for the Coyote Mountain event was about 12 km, and aftershocks were concentrated at depths of 10-14 km [Thatcher and Hamilton, 1973] . This suggests that variations in heat flow may, in part, control the depths of seismicity in these regions. Sanders and Kanamori [1984] ranges from 5 to 11 km, indicating either that the stress field has changed in the years following the Coyote Mountain earthquake or that another factor controlled the depth of the 1969 aftershocks. Although little is known about the crustal composition and structure of the southern Peninsular Ranges, the depth to the brittle/ductile transition zone is estimated using a simplistic crustal model and three different crustal geotherms. Hamilton [1970] conducted a seismic refraction study in the Borrego Mountain region and interpreted the crust to consist of a thin (0.4 km) layer of alluvium overlying a thick (12-14 km) granitic layer. Below the granite lies a subbasement of undetermined composition with a P wave velocity of 7.1 km/s. Hamilton also noted that there appeared to be considerable variation in the thickness of the alluvial layer and the granitic layer. It is uncertain whether this crustal structure is applicable to the northern part of the study area. In the rheologic model the crust is assumed to be composed of a 14-km-thick granite over a diabase. Thermal parameters for the granite are taken from , and quasi-plastic flow parameters are for a Westerly granite (Table 2) [Brace, 1965] . The diabase has the same parameters as used in the Imperial Valle'2 models. The strain rate was again estimated to be 10-2 s-1.
Depths to the brittle/ductile transition zone for this model are shown in Figure 10 . Note that 80% of the earthquakes in the Peninsular Ranges occur above a depth of 11-12 km. Two of three rheologic models (the 100 mW/m 2 and 80 mW/m 2 models) for the Peninsular Ranges show two brittle/cl uctile transition zones, one in the granite and one in the diabase. The second transition zone for the 100 mW /m 2 model occurs at a depth of 18 km. Note that the second transition zone for the 80 mW /m 2 model is not shown in Figure 10 . It occurs at a depth of 22 km. Double seismic zones (e.g. two brittle/ductile transition zones) are not observed in the region, suggesting that the composition of the lower crust may not be adequatley modeled or that other parameters, such as the strain rate, may not be appropriate for the region. The brittle/ductile transition in the granite occurs at depths greater than 9 km. The 100 mW/m 2 model, aside from the second transition zone, agrees well with the distribution of aftershocks for the Borrego Mountain earthquake and the heat flow contours of Figure 4 . The granitic brittle/ductile transition zone for the 80 mW /m 2 model agrees well with the observed regional earthquake depth-frequency curve. The 60 mW /m 2 model does not show a brittle/ductile transition zone in the granite and appears appropriate for the deepest area of earthquakes observed northwest of the Anza gap where the events may be occurring in the upper part of the diabase layer.
Spatial Variations in Seismicity Associated
with the October 15, 1979, Earthquake
The earthquake of October 15, 1979 (M=6.6) , is the largest earthquake to have occurred in Imperial Valley since 1940. The earthquake epicenter is located along the Imperial fault about 3 km to the south of the U.S.-Mexican border, and the focal depth of the earthquake has been estimated to be 8 km [Archuleta, 1982] . Rupture during the mainshock was predominately to the northwest, although Anderson and Silver [1985] give evidence for a small component of southeastward rupture. Surface faulting was mapped along the Imperial fault from a point 8 km northwest of the mainshock epicenter to a point 38 km northwest of the epicenter (Figure 11 ) [Sharp et al., 1982] . Johnson and Hutton [1982] give a detailed description of the aftershock sequence and preearthquake seismicity. Figure 11 compares relocated epicenters for three periods, July 1977 to October 15, 1979; October 15 to December 15, 1979; and post-December 15, 1979, to December 31, 1983 . Although these maps do not show a complete picture of seismicity during these time periods (especially along the border where station coverage is not adequate to determine precise focal depths), there are several notable differences in the relocated and Caltech catalog seismicity of these time periods. Premainshock seismicity occurs along the entire length of the Brawley seismic zone as well as along the Superstition Hills and Superstition. Mountain faults. The northern end of the Imperial fault from 5 km southeast of El Centro to the north is seismically active. Aftershock activity is primarily confined to the extreme northern part of the Imperial fault and to a cluster of. activity near El Centro. There is a lack of seismicity to the immediate -northwest of the 1979 mainshock (seen also in the catalog data) and in the region between the El Centro cluster and the northern end of the fault. Aftershocks also .occur east of the Brawley seismic zone in an area that was aseismic prior to the mainshock. These patterns of seismicity are also seen in the locations of Johnson and Hutton [1982] . Postmainshock activity shows seismicity along the Superstition Hills and Superstition Mountain faults, the continuance of seismicity to the east of the Brawley seismic zone, and swarms west of the Salton Sea and near Westmorland. Few earthquakes occur along the Imperial fault, although this may be a reflection of the gap in the data set between 1980 and 1981. Seismicity near the southern end of the San Andreas fault did not change significantly during this study period. Johnson and Hutton [1982] identified this region as a likely nucleation point for the next large earthquake along this fault. Most earthquakes occurred at depths of 6-7 km near the fault under the Salton Sea. Two aftershocks occured at the northern end of the Brawley seismic zone with depths of 10.5 km and were the deepest events observed in the region. Figure 12 shows the frequency-depth distribution of earthquakes for these three time periods. For all earthquakes studied the premainshock and post-December 15, 1979, earthquakes show depth peaks at 8 and 7 km. Aftershocks showed peaks at 8 and 10-km, with the 10 km peak being somewhat larger. At larger magnitudes the distributions change little, except that for aftershocks with M2'.:3.0 the distribution peaks at 8 km instead of 10 km. Dec. 15, -Dec. 1983 -------- The Caltech catalog locations show a preponderance of aftershocks at greater depths as well. This suggests that the aftershocks, especially smaller aftershocks, are related to strain readjustment at the base of the seismogenic zone. The majority of larger aftershocks occurred at the northern end of the observed surface faulting or in the Brawley seismic zone along fault segments that did not rupture during the mainshock. These aftershocks were shallower than aftershocks that occurred along fault segments that ruptured during the mainshock. • Pre Oct. (387) • Oct. 15-Dec. 15, 1979 • Post Dec. 15, 1979 (259) Fig. 12. Depth-frequency distribution for the three time periods shown in Figure 11 .
represents the southern limit of earthquakes that could be adequately located with the existing seismic network. The location of the 1979 mainshock hypocenter, the U.S.-Mexican .border, and the ends of the surface rupture are shown for reference. Since the southern end of the surface rupture and the mainshock hypocenter are south of point DL, no earthquake relocations are available to study seismic behavior in these regions. The northern end of the surface rupture occurs in the area of deepest seismicity along the Imperial fault, near the northern end of the subbasement high detected by Fuis et al. [1982] . The southern end of the dome probably is 3-5 km south of the intersection of the Brawley and Imperial faults. It is interesting to note that the region near the southern end of the dome is the region where the Imperial fault undergoes a transition from stick-slip behavior to the southeast to aseismic fault creep to the northwest [Reilinger, 1984] . The deepening of seismicity to the northwestward, along the portion of the Imperial fault that appears to be creeping, is opposite to the pattern along the creeping segment of the central San Figure 11 ) for the three time periods indicated. The large black dot is the hypocenter for the October 15, 1979, mainshock [Archuleta, 1982] . The vertical dashed line is the U.S.-Mexican border. E denotes the ends of the surface faulting observed during the mainshock [Sharp et al., 1982] , B the intersection of the Brawley fault with the Imperial fault, and DL the limit for accurately determining focal depths using the Caltech network. The regions of the fault outlined by solid and dashed lines represent strike-slip offsets of 1 m from the faulting models of Hartzell and Heaton [1983] and Archuleta [1984] , respectively. Figure 13 . Notation is the same as in Figure 13 . These cross sections illustrate the spatial extent of the catalog seismicity but should not be interpreted as accurate representations of seismicity versus depth for reasons outlined in the text .
Andreas fault. Along the central San Andreas fault, maximum focal depths become shallower from the locked ends of the segment toward the creeping portion of the fault [Lindh and Boore, 1981] . Fuis et al. [1982] detected a 0.5-to 1.0-km-high fault scarp at a depth of 4-5 km that extends along the Imperial fault from 9 km north-northeast of El Centro to at least 12 km southeast of El Centro. They do not see evidence for the scarp 5 km to the north along the northern end of the surface trace of the Imperial fault. The end of the scarp at depth occurs in the region where earthquakes begin to deepen along the fault. Sharp et al. [1982] observed an 8 ° change in the strike of the observed 1979 surface faulting at the northern end of the region of high slip. Figure 14 shows A and B quality events from the Caltech catalog for the same time periods as shown in Figure  13 . Figure 14 illustrates the spatial extent of the catalog data and should not be interpreted as an accurate representation of seismicity with depth. Epicenters may be artificially concentrated at a depth of 5 km in these cross sections for reasons discussed in a previous section. The cross section demonstrates that the spatial variations seen in the relocated seismicity may also be seen in the catalog data and are not an artifact of the relocation process. A similar epicentral distribution exists in the C and D quality catalog events for the same time periods, suggesting that A and B quality events are a representative data set of the seismicity along the fault.
Relation Between the 1940 and 1979
Imperial Valley Earthquakes
Although the epicenter for the 1940 {M 8 =7.l) Imperial Valley earthquake [Richter, 1958] is poorly constrained, its approximate location indicates that the mainshock sequence started along the same portion of the fault where maximum slip occurred during the 1979 earthquake. In an effort to understand better the faulting process during the 1940 earthquake sequence we have relocated the mainshock and a number of aftershocks.
Three magnitude 4.0-5.5 earthquakes occurring between 1977 and 1979 that were well recorded at regional distances were used as calibration events by fixing their hypocenters and calculating station delays for stations operating in both 1940 and 1977 to 1979 . Although the 1940 mainshock was recorded at 11 California stations, only three stations (Riverside, Palomar, and La Jolla) had impulsive P wave arrivals for the calibration events and delays of less than 2 s. Stations beyond Riverside had delays of 4-6 s and were not used in the relocations with the exception of Tucson, which had a consistent delay for the calibration events as well as other selected aftershocks of the 1979 sequence. The calibration events were relocated using only these four stations and stations delays. The resulting epicenters were · within 7 km of the original locations. Relocations of the 1940 earthquakes are shown in Figure 15 . Many aftershocks that occurred south of the border were not well located. However, most of the northern aftershocks lie within or near the Brawley seismic zone to the north of the mainshock. The mainshock epicenter {35 ° 52.42'N, 115 ° 29.08'W) is 10 km north of Richter's epicenter. Error bars on Figure 15 reflect the error in locating the calibration even ts.
Another test of resolution was made by fixing the mainshock epicenter at 5 arc min intervals on a grid between 115 ° 15'W and 115 ° 45'W and 32 ° 30'N and 33 ° 15'N and calculating theoretical P travel time differences between the three nearest stations. The results of this test suggest that resolution in the north-south direction is between 5 and 7 km, whereas in the east-west direction it is between 10 and 15 km. Figure 16 shows the our relocation of the 1940 mainshock with respect to the 1979 aftershocks. This location suggests that the 1940 earthquake began north of the main patch 'of slip during the 1979 mainshock and south of the region of deep seismicity associated with the subbasement high. Surface displacements north of the border for both the 1940 and 1979 earthquakes were similar [Sharp, 1982b] . Based on their analysis of strong motion records, Trifunac and Brune [1970] interpret the 1940 earthquake as a multiple sequence with at least four events occurring within the first 25 s of the sequence. They locate the first three of these events 0-10 km southeast of Richter's epicenter for the mainshock and the fourth event at the southern end of the 1940 surface rupture. They obtain epicentral location errors of ±5 km by constraining the 
Conclusions
The study of the focal depths of over 1000 relocated earthquakes in the Imperial Valley-southern Peninsular Ranges has revealed four important relationships.
First, regional variations in focal depth appear to be related to regional variations in heat flow. In the Imperial Valley, where the average heat flow is nearly twice that of the Peninsular Ranges, seismicity peaks at a depth of 7 km compared to a peak of 11 km in the Peninsular Ranges. The deepest seismicity in the study area is associated with the regions of lowest heat flow.
Second, a deep region of seismicity at the northern end of the Imperial fault is associated with a heat flow low and a subbasement dome. The depth extent of the heat flow low is uncertain. However, rheologic modeling suggests that the subbasement dome alone may be sufficient to deepen the seismicity in this region. Insufficient knowledge of the crustal structure in the southern Peninsular Ranges precludes use of rheologic modeling to determine what factors inf! uence small-scale focal depth variations in this region.
Third, comparison of the focal depth distribution of earthquakes occurring before and after the October 15, 1979, mainshock indicated that aftershocks in the first 2 months following the mainshock are 2-3 km deeper than pre-October 15, 1979, or post-December 15, 1979, earthquakes. This suggests that the immediate aftershocks served to readjust strain near the base of the seismogenic zone. Following the mainshock, earthquakes are nearly absent from the portions of the fault that were modeled to have dislocations of 2' .: 1 m during the mainshock.
Fourth, the relocated epicenter of the 1940 mainshock is located to the north of the region of maximum slip on the Imperial fault during the 1979 mainshock and suggests that the 1940 mainshock sequence began with rupture along this same portion of the fault.
